Introduction
Osteoporosis is a disease characterized by decreased bone mineral density (BMD) and poor bone quality, with deterioration of skeletal microarchitecture, predisposing to fracture. 1, 2 With the aging of the population, osteoporosis has become a growing medical and socioeconomic problem that is associated with significant morbidity and mortality, mainly as a result of hip fractures. By 2020, there are expected to be 14 million patients with osteoporosis in the United States (US) and over 61 million patients with increased risk for fracture due to low bone mass.
3 Furthermore, the costs associated with osteoporosis are significant. Based on prior fracture and US Census data (from 1998 to 2004), there were predicted to be over two million fractures in 2005, as predicted by a Markov state-transition model, costing in excess of $17 billion with the majority of costs incurred by inpatient and long-term care.
3,4 By 2025, the annual rate of fractures is projected to increase by 50% from 2005, and annual costs are expected to reach $25 billion.
3, 4 Interestingly, compared to 2005, there is also expected to be an ~175% increase in the costs related to osteoporosis and fractures in Hispanics living in the US by 2025 with similar increases in other ethnic groups. 4 Therefore, prevention, detection, and treatment of osteoporosis are essential in reducing the personal and socioeconomic burden of osteoporotic fractures.
The most common cause of osteoporosis is estrogen deficiency in postmenopausal women, who typically have a high rate of bone remodeling with an imbalance of bone there are some disadvantages associated with their use. First, PTH and its fragments must be administered as a daily selfinjection and must be kept refrigerated. Second, the use of teriparatide in the US is limited to 2 years, and the duration of use of rhPTH in the European Union was recommended to be 18-24 months. 13 Third, the teriparatide label contains a black box warning about the potential risk of osteosarcoma due to an observed increase in the incidence of osteosarcoma in rats that was dependent on dose and treatment duration. 13 Fourth, while these agents increase bone formation, they also eventually lead to an increase in bone resorption, as reflected by a rise in bone resorption markers. 13 Therefore, researchers have investigated other anabolic agents for the treatment of osteoporosis that might offer greater patient convenience and a more favorable balance of benefits and risks.
With the discovery of the central role of the Wnt/low density lipoprotein receptor-related protein 5 (LRP5)/β-catenin pathway in the maintenance of skeletal mass and in the pathogenesis of diseases of low and high bone mass, increasing attention has focused on determining how activation of this pathway might be modulated to advantage in the treatment of osteoporosis. Sclerostin, an endogenous inhibitor of Wnt signaling, is an important regulator of bone formation. 10, 14 Sclerostin production results in decreased osteoblastic bone formation. 10, 14 Inhibition of sclerostin, which can be expected to increase osteoblastic bone formation, has emerged as a potential strategy in the management of osteoporosis. Models of human disease support the development of anti-sclerostin therapy, with loss-of-function mutations in the SOST gene resulting in low or absent sclerostin levels and high bone mass. 10 Understanding of expression and activity of sclerostin has led to the development of humanized monoclonal antibodies (MAbs) against sclerostin, including romosozumab (AMG 785, Amgen Inc., Thousand Oaks, CA, USA) and blosozumab (LY2541546, Eli Lilly and Company, Indianapolis, IN, USA). This review summarizes the current state of information available on both antibodies.
Biology of sclerostin and the Wnt signaling pathway
Sclerostin is a 190-amino acid secreted glycoprotein made predominantly by osteocytes, but also by cementocytes and mineralized hypertrophic chondrocytes. 2, 15 Structurally, the protein has a cysteine-knot like domain and a semi-flexible loop, which is involved in the inhibition of Wnt signaling. 15 Wnt signaling is crucial to both bone development and the regulation of bone mass. 16, 17 Wnt proteins bind to a receptor complex that includes a member of the frizzled family of seven-transmembrane receptors and either LRP5 or LRP6 ( Figure 1A) . 16 This results in phosphorylation of the cytoplasmic tail of LRP5 or LRP6, which allows the protein, axin, to bind there. 16 Binding of axin inhibits the activity of glycogen synthase kinase (GSK)-3β, which normally phosphorylates and targets β-catenin for degradation in the proteasome. 16 Increased cytoplasmic levels of β-catenin lead to its nuclear translocation, binding to DNA binding proteins, and activation of target gene promoters. 16 Wnt signaling in bone leads to osteoblast differentiation, proliferation, function and survival 2, 18 and hence, increased bone mass. 17, 19 Loss-of-function mutations in the Wnt signaling pathway result in skeletal fragility and decreased bone mass ( Figure 1B and C). Osteoporosis-pseudoglioma syndrome, an autosomal recessive disorder characterized by visual loss and skeletal fragility, is caused by loss-of-function mutations in the LRP5 gene, which expresses the protein LRP5. This impairs Wnt signaling and results in reduced BMD, skeletal fragility, and fractures. 20 This finding has been replicated in LRP5 knockout (KO) mice, which exhibit abnormally low bone mass. 21 Furthermore, homozygous loss-of-function mutations in the wingless-type mouse mammary tumor virus integration site family, member 1 (WNT1) gene, which expresses the protein Wnt1, have been found in autosomal recessive osteogenesis imperfecta, while autosomal dominant mutations in the WNT1 gene have been found in familial cases of early-onset osteoporosis. 22 Therefore, various WNT1 Figure 1D ). 23 Sclerostin acts by binding to LRP5 and/or LRP6, thereby impairing further signaling through β-catenin stabilization, as described above. This decreases osteoblastic activities, including new bone formation and mineralization. 16, 23, 24 Sclerostin is primarily secreted by osteocytes embedded in the bone matrix. 25 In addition, sclerostin also blocks maturation of osteocytes and regulates the expression of genes involved in bone matrix mineralization. 25 In late osteoblasts and preosteocytes, sclerostin leads to downregulation of phosphate regulating endopeptidase homolog, X-linked (PHEX). 26 Through its endopeptidase activity, PHEX degrades peptides that bind to nascent bone mineral and inhibit mineral deposition. Therefore, downregulation of PHEX results in decreased bone mineralization. 26 Given the inhibitory effect of sclerostin on osteoblast function and bone formation, blocking the activity of sclerostin seems to be a promising approach in the treatment of osteoporosis.
Nature's own experiment
Human disorders of sclerostin expression and activity underscore the importance of the protein in bone. One such disorder is sclerosteosis, a rare autosomal recessive condition of generalized skeletal overgrowth characterized by facial distortion, tall stature, hand malformations including syndactyly of the digits, radial deviation of terminal phalanges, and dysplastic or absent nails (Figure 2A) . 27 These patients may develop increased intracranial pressure, which can lead to sudden death, the primary cause of early mortality in patients with sclerosteosis. 27 Cases have primarily been reported in the Afrikaner population in South Africa. 27 Van Buchem disease, another rare autosomal recessive disorder, has radiological features similar to those of sclerosteosis with thickening of the skull, mandible, clavicles, ribs, and diaphyses of long bones ( Figure 2B) . 27, 28 It is primarily found in residents of an isolated village in the Netherlands. 27 In both disorders, skull and facial bone thickening can lead to entrapment of cranial nerves, which can manifest as hearing loss, facial palsy, optic nerve atrophy, and anosmia. 2, 27 The course of both diseases tends to stabilize in adulthood. 29 In both conditions, mutations have been mapped to the chromosome 17q12-q21 region. 27 This is the region of the SOST gene whose product is sclerostin. Studies in patients with sclerosteosis and van Buchem disease have reported deletions, nonsense mutations, and splice site mutations in SOST, which then lead to absence of or decreased levels of sclerostin and hence, increased bone mass due to lack of modulation of Wnt signaling in the skeleton. 27, [30] [31] [32] Patients with van Buchem disease have higher BMD and higher levels of bone formation markers, procollagen type 1 amino-terminal propeptide (P1NP), compared with carriers of one mutant allele and controls, and sclerostin levels are inversely correlated with serum P1NP and BMD. 29, 33 Patients with sclerosteosis also have higher levels of P1NP compared with their heterozygous relatives and controls, although interestingly these levels decline with age. 34 Heterozygous carriers of one mutant SOST allele have significantly higher levels of P1NP compared to controls, implying a gene-dose effect. 34 Furthermore, heterozygous individuals have high BMD, but they rarely experience fractures and do not suffer from symptoms and complications of the disease. [34] [35] [36] These observations in patients with reduced sclerostin suggest that interventions that modulate sclerostin levels might be effective in the treatment of osteoporosis. Interestingly, clinical manifestations are more severe in sclerosteosis than in van Buchem disease, likely due to the total absence of detectable circulating sclerostin in the former condition and low but detectable levels in patients with van Buchem disease. 2, 29, 34 Replicating human disease in an animal model Shortly after reports of human disorders of sclerostin production and their clinical phenotypes, SOST KO mice were developed to better understand the effects of sclerostin deficiency on bone. Li et al demonstrated that both male and female SOST KO mice have high bone mass with increases in BMD, bone volume, bone formation, and bone strength. 37 These mice have increased bone mass, both in the lumbar vertebrae and long bones. 37 Micro-computed tomography (micro-CT) of the femur showed that there was increased trabecular and cortical bone volume. 37 By histomorphometric analysis, there was a significant increase in osteoblast surface with no change in osteoclast surface, and the bone formation rates were increased in trabecular, periosteal, and endocortical bone envelopes. 37 SOST KO mice had significantly higher levels of osteocalcin, a bone formation marker. 37 Another study also demonstrated that SOST KO mice had increased bone mass in the appendicular skeleton and cranium and tended to add bone periosteally. 38 Furthermore, SOST KO mice are also resistant to mechanical unloading induced-bone loss. 39 On the other hand, transgenic mice overexpressing SOST exhibit low bone mass and decreased bone strength, as a result of reduced osteoblast activity, and also have reduced load-induced bone formation. 40, 41 Thus, based on human disorders of loss of function of sclerostin and mouse models of targeted gene inactivation and transgenic overexpression of SOST, inhibition of sclerostin was put forward as a potential strategy in the management of the human disorder of osteoporosis.
Sclerostin antibody in animal studies
Several animal studies have helped to further elucidate the effects of sclerostin inhibition on bone (Figure 3 ).
Studies of osteoporosis in female rats
Of greatest clinical interest is the effect of sclerostin inhibition on osteoporosis due to estrogen deficiency. Li et al studied sclerostin inhibition in aged ovariectomized female rats, a standard model of postmenopausal osteoporosis. 42 Six-month-old female rats were ovariectomized and left untreated for 1 year to allow for estrogen-deficiency induced bone loss to develop. Rats were then treated with an sclerostin neutralizing MAbs for 5 weeks. 42 By dual energy X-ray absorptiometry (DXA), this treatment resulted in a 26% increase in BMD at the lumbar vertebrae and a 17% increase at the femur-tibia (defined as the entire femur in addition to the part of the tibia above the tibia-fibular junction) relative 
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Shah et al to baseline, while BMD in controls and in mice that underwent sham surgery remained at pre-treatment levels. 42 This was accompanied by a significant increase in osteocalcin, a bone formation marker. 42 Micro-CT analysis of the distal femur demonstrated that treatment with the sclerostin MAb increased trabecular thickness, trabecular volumetric BMD, and bone volume, restoring microarchitectural parameters to sham control levels. 42 Histomorphometric analysis demonstrated that treatment with the sclerostin MAb led to an increased osteoblast surface, decreased osteoclast surface, and increases in mineralizing surface, mineral apposition rate, and bone formation rate in the proximal tibia. 42 In the femoral midshaft, MAb treatment led to increased bone formation on periosteal and endocortical surfaces. 42 Finally, results of mechanical testing showed that sclerostin MAb treatment led to greater bone strength in the lumbar vertebrae and femoral midshaft. 42 In a rat model, Ominsky et al showed that treatment of ovariectomized rats with sclerostin MAb led to an increase in bone volume by increasing modeling-based bone formation on trabecular and cortical surfaces and prolonging the formation period at both modeling and remodeling sites while reducing bone resorption. 43 Therefore, these pivotal studies underscored sclerostin inhibition as a promising therapeutic approach for the treatment of postmenopausal osteoporosis.
Additional studies have provided further insight into the effects of sclerostin inhibition on skeletal metabolism. In a study of ovariectomized 4-month-old Sprague-Dawley rats, treatment with sclerostin MAb for 6 or 26 weeks led to thicker trabeculae in the vertebrae and increased trabecular bone volume and increased cortical bone volume in the tibia, increased parameters of bone formation, increased bone formation rates, and reduced parameters of bone resorption at 6 weeks. 44 At week 26, bone resorption markers were no longer significantly reduced, and bone formation markers and periosteal bone formation rates were no longer significantly increased, although endocortical and trabecular bone formation rates remained elevated but diminished compared to those reported at week 6. 44 Bone accrual continued between weeks 6 and 26, and the antiresorptive effects of the sclerostin MAb remained histologically evident at 26 weeks. 44 Interestingly, the sclerostin MAb-treated group had increased skeletal mRNA expression of several osteocyte genes, with SOST showing the greatest induction. 44 This suggests that the increased osteocytic expression of sclerostin may serve to modulate gains in bone mass. 44 Another study in which 6-month-old, osteopenic, ovariectomized rats were treated with sclerostin MAb for 6, 12 or 26 weeks showed similar findings. 45 In this study, DXA analysis found that BMD at the lumbar vertebrae and femur-tibia increased progressively during the 26 weeks of treatment with sclerostin MAb, along with increases in trabecular and cortical bone mass and strength. 45 Similar to other studies, trabecular, endocortical, and periosteal bone formation rates peaked at week 6 with sclerostin MAb treatment. 
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Sclerostin inhibition for the treatment of osteoporosis At 26 weeks, periosteal bone formation rates had returned to control levels while endocortical and trabecular bone formation rates remained greater than controls, although both had declined compared to week 6. 45 Finally, osteoclast surface and eroded surface were significantly lower in the sclerostin MAb-treated group compared to controls. 45 This study suggests that early gains in bone mass with sclerostin inhibition are due to reduced osteoclast activity and increased trabecular and cortical bone formation, while later gains are due to residual endocortical and trabecular osteoblast stimulation and persistent low osteoclast activity. 45 One concern is that pre-treatment or co-treatment with antiresorptive agents might blunt the anabolic effects of sclerostin inhibition, as seen with treatment with PTH. Therefore, Li et al 46 examined the effect of pre-treatment and co-treatment with alendronate on the anabolic actions of sclerostin MAb in ovariectomized rats. Ten-month-old, osteopenic, ovariectomized rats were pre-treated with alendronate (or vehicle) for 6 weeks, after which they were switched to sclerostin MAb alone, a combination of sclerostin MAb and alendronate, or vehicle alone for 6 weeks. 46 In rats pre-treated with alendronate or vehicle, sclerostin MAb treatment increased areal BMD both in the lumbar vertebrae and femur-tibia, volumetric BMD, trabecular and cortical bone mass, and bone strength. 46 Furthermore, serum osteocalcin and bone formation on trabecular, endocortical and periosteal surfaces were similar between alendronate and vehicle pre-treated rats. 46 Interestingly, co-treatment with alendronate did not have significant effects on the increased bone formation, bone mass, and bone strength seen with sclerostin MAb treatment. 46 Therefore, it appears that the anabolic effect of sclerostin MAb treatment is not blunted by pre-or co-treatment with alendronate in ovariectomized osteopenic female rats. Such information is highly relevant to women with osteoporosis, since many have received prior bisphosphonate therapy.
Additional rat studies
The effect of sclerostin MAb treatment has also been investigated in aged male rats, which serve as a model for low bone mass in elderly men. Aged, 16-month-old, male Sprague-Dawley rats were treated with sclerostin MAb for 5 weeks. 47 DXA analysis showed that there was an increase in areal BMD in the lumbar vertebrae and femur-tibia compared with controls. 47 Micro-CT showed improved trabecular and cortical microarchitecture in the treated group compared with controls. 47 Bone formation parameters, including mineralizing surface, mineral apposition rate, and bone formation rate, were greater on trabecular, periosteal, and endocortical surfaces in the treated group compared with controls. 47 These findings suggest than sclerostin inhibition may also be a promising therapy for male osteoporosis.
There is also evidence from preclinical studies that sclerostin inhibition may enhance fracture healing. In a rat closed femoral fracture model, 7 weeks of treatment with sclerostin MAb led to greater increases in bone mass in the region of the fracture, callus area and volume, peak load, and stiffness compared to these parameters in controls. 48 In addition, treatment with sclerostin MAb led to recovery in bone parameters such that they approached the strength seen in intact, unfractured bone of controls. 48 Furthermore, treatment of osteoporotic rats with a femur fracture with a single chain antibody directed against sclerostin (scFv) led to indistinct fracture lines, callus formation that connected both fracture ends, and increased BMD on fracture ends, thereby enhancing fracture healing. 49 Subsequently, two studies of rats with femoral defects found that treatment with sclerostin MAb can enhance bone repair in this bone defect model and in the surrounding host bone; however, only a small subset of rats experienced complete healing of the defects. 50, 51 Therefore, treatment with sclerostin MAb seems to be most effective in bone repair when there is cortical integrity. 50 Sclerostin expression is upregulated in unloaded bone and downregulated by loading. 52 Agholme et al 52 investigated the effect of unloading of the right hind limb and fixation of a steel screw in the tibia in rats treated with sclerostin MAb and found that treatment improved fixation of the steel screw in both normal loaded and unloaded bone in male rats, which reflects an increase in pull-out force and bone strength, and hence, an enhanced fracture healing response. Therefore, sclerostin inhibition may be a useful therapeutic option to mitigate bone loss in settings where bone is unloaded.
Additional studies have demonstrated that treatment with sclerostin MAb increases bone formation and volume and decreases bone resorption at both red and yellow marrow skeletal sites. 53 While sclerostin inhibition increases bone volume and bone mass, it does not negatively impact bone matrix quality, as determined by measures of mineralization, or bone strength, as determined by three-point bending and micro-finite element analysis. 54, 55 In fact, treatment with sclerostin MAb resulted in increased strength compared with controls. 55 Additional findings from mouse studies As discussed above, loss-of-function in both LRP5 alleles in humans leads to osteoporosis-pseudoglioma syndrome; in mice this genetic manipulation leads to low bone mass. However, mice with both LRP5 and SOST genes knocked-out have larger, denser, and stronger bones compared to LRP5 KO mice. 21 Furthermore, treatment of LRP5 KO mice with sclerostin MAb results in increased BMD, bone mineral content, and bone formation rates, suggesting that the anabolic effects of sclerostin inhibition may be mediated via receptors other than LRP5, such as LRP4 and LRP6. 21 In a mouse fracture healing model, in which mice have undergone an osteotomy, treatment with an sclerostin MAb increased bone formation rates by histomorphometry at 2 weeks, BMD and bone volume by micro-CT at 4 weeks, and bone strength at the fracture site by mechanical testing at 6 weeks, 56 suggesting that sclerostin inhibition in the early stage of fracture healing may promote fracture healing.
Primate studies
The role of sclerostin inhibition in nonhuman primates has also been investigated, although not to the same extent as in rodents. Administration of sclerostin MAb to gonadintact female cynomolgus monkeys for 2 months resulted in increased bone formation on trabecular, periosteal, endocortical, and intracortical surfaces, as well as increased BMD at several skeletal sites. 57 In addition, there were significant increases in trabecular thickness and bone strength at the lumbar vertebrae. 57 This study further confirmed that sclerostin inhibition may be an appealing therapeutic approach for treating osteoporosis in humans. As in rats, treatment with sclerostin MAb increased total bone forming surface, modeling-based bone formation on trabecular and endocortical surfaces, and lifespan of bone formation on modeling surfaces. Together, these changes resulted in increased bone volume along with reduced bone resorption. 43 In a fibular osteotomy model in cynomolgus monkeys, treatment with the sclerostin MAb for 10 weeks increased bone mass and strength at the site of the fracture. 48 Furthermore, this strategy led to less callus cartilage and smaller fracture gaps, which had more bone and less fibrovascular tissue, consistent with enhanced fracture healing. 48 As in rats, treatment of cynomolgus monkeys with sclerostin MAb did not negatively impact bone matrix quality, and more specifically, treatment did not affect the mineral-to-matrix ratio, crystallinity, or collagen cross-linking in the endocortical, intracortical, or trabecular compartments. 54 The latter testing reflects measures of bone quality.
Human studies of sclerostin inhibition
Based on data in animal models, a sclerostin neutralizing MAb was developed by Amgen and has been investigated in Phase I and Phase II studies. Phase III studies are currently ongoing. Another neutralizing MAb, blosozumab, has been developed by Eli Lilly, and Phase I and II studies have been completed.
Phase I study
The first study with the humanized sclerostin MAb, romosozumab, included 72 healthy men and postmenopausal women ( Table 1) . 58 In this double-blind, placebo-controlled, ascending, single-dose study, subjects received romosozumab or placebo in a 3:1 ratio. 58 Romosozumab was given subcutaneously (SC) at doses of 0.1, 0.3, 1, 3, 5, or 10 mg/kg or intravenously (IV) at doses of 1 or 5 mg/kg; and subjects were followed for up to 85 days. 58 Pharmacokinetics were non-linear with dose, with peak serum concentrations occurring within the first week after subcutaneous administration. 58 There were dose-dependent increases in bone formation markers including P1NP, bone-specific alkaline phosphatase (BSAP), and osteocalcin with 184%, 126%, and 176% increases in these markers, respectively, in patients receiving the MAb at 10 mg/kg SC. 58 There were 167%, 125%, and 143% increases in these markers, respectively, in patients receiving 5 mg/kg IV. 58 There was also a dose-dependent decrease in the bone resorption marker, serum C-telopeptide (sCTX), of 54% (patients receiving 10 mg/kg SC) and of 49% (patients receiving 5 mg/kg IV). 58 Furthermore, dose-dependent increases in BMD were noted on days 29, 57, and 85 with increases of 5.3% in the lumbar spine and 2.8% in the total hip on day 85 in patients receiving MAb at 10 mg/kg SC. 58 BMD increased by 5.2% in the lumbar spine and by 1.1% in the total hip on day 85 in patients receiving 5 mg/kg dose IV. 58 Romosozumab was generally well tolerated with one treatment-related serious adverse event of non-specific hepatitis in the 10 mg/kg SC group. 58 In this subject, elevated liver function tests were seen 1 day after dosing, peaked 3 days after dosing with alanine aminotransferase and aspartate aminotransferase 13 times and six times the upper limit of normal and by day 26, resolution had occurred. 58 Of note, hepatitis panels and abdominal ultrasound were normal. 58 Other reported adverse effects in the SC group included injection-site erythema, injection-site hemorrhage, back pain, headache, constipation, arthralgia, and dizziness, all of which were considered mild. 
575
Sclerostin inhibition for the treatment of osteoporosis
In the IV group, adverse effects included constipation, cough, headache, and hot flush, all of which were considered mild. Adverse events were reported in 60% of subjects who received romosozumab SC, 64% of subjects who received placebo SC, 50% of subjects who received placebo IV and 25% of subjects who received romosozumab IV. 58 There were no deaths or study discontinuations. 58 Mild, transient decreases in mean serum ionized calcium (4% from baseline) occurred after a single dose of the study drug associated with increases in PTH, but values returned to baseline during the study or follow-up period. 58 However, these fluctuations in serum ionized calcium and in PTH were not associated with the reported adverse events. 58 Of those who received romosozumab, six subjects developed anti-romosozumab antibodies, two of which were neutralizing -one in the 10 mg/kg SC group and one in the 5 mg/kg IV group. 58 However, there was no apparent effect of these antibodies on pharmacokinetics or pharmacodynamics, although this was not determined. 58 There were no adverse events or abnormalities in laboratory results, vital signs or electrocardiograms in these subjects. 58 The data from this study suggested that single doses of romosozumab are generally well-tolerated with notable increases in bone formation markers, warranting further investigation of this compound.
Phase II study
Subsequently, a Phase II, multicenter, international, randomized, placebo-controlled, parallel, eight-group study was conducted over a 12-month period in 419 postmenopausal women between the ages of 55 and 85 years with low BMD (T-score between -2.0 and -3.5 at the lumbar spine, total hip, or femoral neck) ( Table 1) . 59 Participants were randomly assigned to one of eight groups: placebo every 3 months or monthly, romosozumab 140 mg SC every 3 months, romosozumab 210 mg SC every 3 months, romosozumab 70 mg SC monthly, romosozumab 140 mg SC monthly, romosozumab 210 mg SC monthly, alendronate 70 mg weekly, and teriparatide 20 mcg SC daily. 59 Participants were followed for 12 months, with BMD assessed at baseline and 3, 6, and 12 months and labs done at baseline, week 1, and months 1, 2, 3, 6, 9, and 12. 59 Of the 419 participants enrolled in the study, 383 completed the 12-month visit, while 36 withdrew from the study. 59 The primary endpoint of the study was percentage change from baseline in BMD at the lumbar spine at month 12, and secondary endpoints included percentage change from baseline in BMD at the total hip, femoral neck, and distal third of the radius at month 12. 59 Compared to placebo, all of the groups treated with romosozumab had significant increases in BMD at the lumbar spine, total hip, and femoral neck at 12 months. 59 The largest gains were seen with monthly dosing of romosozumab (210 mg) with an 11.3% increase in lumbar spine BMD, 4.1% increase in total hip BMD, and 3.7% increase in femoral neck BMD at 12 months, which were greater than the increases seen in the alendronate-and teriparatide-treated groups. 59 There were no significant differences in the distal third of the radius at 12 months in any group. 59 Participants in the cohort treated with monthly romosozumab (140 mg) had greater increases in lumbar spine BMD at 12 months, compared to those in the alendronate-and teriparatidetreated groups. 59 Changes in BMD at the lumbar spine, total hip, and femoral neck were also assessed at 6 months as secondary endpoints. 59 Teriparatide was superior to romosozumab given every 3 months. 59 At 6 months, lumbar spine and total hip BMD were significantly increased in all of the groups treated with romosozumab, compared to placebo treatment, while femoral neck BMD was greater in the groups that received romosozumab 140 mg monthly, 210 mg monthly or 210 mg every 3 months, compared to placebo treatment. 59 In addition, increases in BMD at the lumbar spine, total hip, and femoral neck at month 6 were significantly greater in the groups that received the higher doses of romosozumab (140 mg or 210 mg monthly) than in the groups that received alendronate or teriparatide. 59 Bone turnover markers were also measured as secondary endpoints at months 1, 3, 6, 9, and 12. 59 In all cohorts receiving romosozumab, increases in bone formation markers (P1NP, osteocalcin, and BSAP) were transitory -with increases noted at 1 week and greatest at 1 month after the dose, after which levels returned to baseline or fell below baseline. 59 In all of the romosozumab groups, the bone resorption marker, sCTX, fell from baseline, with the largest decrease in the 1st week, and in the groups receiving monthly doses of romosozumab, it remained below baseline at month 12.
59
Study participants were closely observed for adverse events and changes in clinical and biochemical parameters. Treatment with romosozumab was associated with a dosedependent decrease in calcium levels of 1.30-2.68% from baseline, with a nadir at month 1, and a compensatory increase in serum PTH. 59 The serum calcium returned to baseline at follow-up visits, and there were no associated adverse events with that laboratory value change. There was no difference in the proportion of participants reporting adverse events between the placebo group (90%) and romosozumab groups 
576
Shah et al (87%), and there was no apparent relationship between dose and adverse events. 59 However, injection site reactions were more common with romosozumab than with placebo. 59 There was also no difference in the proportion of participants experiencing serious adverse effects between the placebo group (14%) and the romosozumab groups (7%). 59 Serious adverse events in the group receiving romosozumab (210 mg monthly) included: breast cancer, chronic obstructive pulmonary disease, non-cardiac chest pain, wrist fracture, and renal oncocytoma (benign). 59 There were two deaths in the studyone in the placebo group (due to colon cancer) and one in the group receiving romosozumab (70 mg monthly), due to complications after aortobifemoral bypass surgery. 59 In those who received romosozumab, 20% tested positive for binding antibodies, with neutralizing activity seen in vitro in 3%. The development of antibodies, however, did not have any effect on adverse events, pharmacokinetics, or pharmacodynamics. 59 In this study, treatment with romosozumab was associated with increased BMD and bone formation markers and decreased bone resorption markers and was generally welltolerated. The results are promising. The pattern of brief anabolic stimulation coupled with chronic suppression of bone resorption is unprecedented, compared to other therapies for osteoporosis. 60 
Ongoing studies
Based on the promising results seen in initial studies, there are several additional Phase I and II studies that have been completed or are in progress (Table 1) , 61 including a study evaluating the safety of romosozumab in patients with renal impairment and end-stage renal disease and studies assessing the effects of romosozumab on fracture healing. In addition, there are five ongoing Phase III studies (Table 2) 61 -four investigating the use of romosozumab in postmenopausal women with osteoporosis and one investigating the use of romosozumab in men with osteoporosis.
Studies of other sclerostin MAbs
While investigation of romosozumab continues, other humanized MAbs against sclerostin are being developed. More specifically, blosozumab has been investigated in Phase I and Phase II studies. In the Phase I study conducted in healthy postmenopausal women, investigators found that there were dose-dependent responses in sclerostin, P1NP, BSAP, osteocalcin, sCTX, and BMD with both single and multiple doses of blosozumab. 62 At day 85, there was up to a 3.41% increase and up to a 7.71% increase from baseline in lumbar spine BMD in the single dose and multiple dose groups respectively. 62 In the Phase II study, 120 postmenopausal women with low BMD received blosozumab or placebo SC at varying doses for12 months. 63 At study end, BMD in the lumbar spine increased by 17.7% and BMD in the total hip increased by 6.2% in the highest dose group. 63 In addition, markers of bone formation increased initially and then trended towards pre-treatment levels while markers of bone resorption remained reduced. 63 Overall, the drug was well-tolerated. 63 Therefore, blosozumab also shows promise as a treatment for osteoporosis.
Potential complications of sclerostin inhibition
Based on our understanding of the physiology of sclerostin and data from human studies, there are several potential complications and adverse effects to consider. First of all, patients with sclerosteosis and van Buchem disease develop thickening of the skull and facial bones, which leads to entrapment of cranial nerves; such patients are also at risk for the development of spinal stenosis. It might be speculated that similar complications could occur with longterm treatment with MAbs directed against sclerostin, due to excessive accumulation of bone in unwanted locations. However, upregulation of sclerostin may regulate gains in bone mass as suggested by Stolina et al, 44 and this may prevent accumulation of excess bone mass. Such an effect, however, remains to be determined in humans. Phase I and II studies have shown that romosozumab is generally well tolerated with only mild adverse effects. However, in the Phase I study, one patient developed transient hepatitis. It is not known whether this was causally related to the drug. A decrease in serum calcium was seen with initial dosing. While patients had compensatory increases in serum PTH and return of serum calcium levels to baseline, these decreases in serum calcium could potentially become clinically significant in those with vitamin D deficiency or kidney disease. In both the Phase I and II studies, a few subjects developed neutralizing antibodies. While this did not seem to impact the pharmacokinetics or pharmacodynamics of drug action, with long-term treatment, it might impact the efficacy and potency of the drug. Finally, the other anabolic agents, teriparatide and rhPTH(1-84), come with a black box warning about osteosarcoma based on studies done in rats. 64 While post-marketing surveillance in the US has not shown an increased rate of osteosarcoma in patients on teriparatide, 65 osteosarcoma remains a theoretical risk in patients being treated with anabolic agents. 
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The past, the present, and the future Current approved treatments for osteoporosis include bisphosphonates, denosumab, selective estrogen receptor modulators, teriparatide, and strontium ranelate; all of them are antiresorptive agents except for teriparatide, which has a regulatory limitation of 2 years lifetime use. Therefore, the availability of additional anabolic agents would be a welcome option for managing patients with osteoporosis who are at high risk of fracture. By understanding the role of sclerostin in modulating Wnt signaling, sclerostin inhibition has emerged as a promising therapeutic approach in the treatment of osteoporosis. Furthermore, disorders of sclerostin, namely sclerosteosis and van Buchem disease, have given us insight into both the positive and negative effects of sclerostin inhibition. Animal studies have further elucidated the cellular mechanism underlying the effects of sclerostin inhibition and eventually led to the development of sclerostin neutralizing MAbs. Initial studies of one such MAb, romosozumab, in humans have been promising, showing striking increases in BMD and in bone formation markers with treatment. Phase III studies in postmenopausal women with osteoporosis will help us to understand whether the increased BMD seen with treatment in the Phase I and II studies will translate into anti-fracture efficacy. Furthermore, studies in men with osteoporosis and chronic kidney disease will also help us to understand the effects of romosozumab in other groups of patients with low BMD.
Additional studies will be needed to determine the optimal duration of treatment and to better understand the efficacy and safety of long-term romosozumab treatment. It also remains to be determined which patients are most likely to benefit from romosozumab and when such treatment should be instituted. Will this be first-line therapy for some patients? It might be speculated that cyclical use of romosozumab or combination with an antiresorptive could enhance the skeletal benefits. Should it be used in combination with an antiresorptive, or should it be followed with an antiresorptive, as is the current practice with teriparatide? Will this agent be effective in subsequent treatment courses? What determines when that timing is optimal? Further investigation will shed light and provide answers to these questions.
Conclusion
There is a clinical need for anabolic therapies in addition to PTH for the management of osteoporosis. Understanding the Wnt signaling pathway and specifically, the inhibitory effect of sclerostin, has spurred the development of a new class of anabolic agents, humanized MAbs against sclerostin, including romosozumab and blosozumab. Initial human studies of romosozumab are encouraging, and clinicians await the results of Phase III studies. Further investigation will shed light on where sclerostin inhibition fits into treatment strategies for osteoporosis. While many questions remain unanswered, sclerostin inhibition has emerged as a novel therapeutic approach in the treatment of osteoporosis and may add to our armamentarium of anabolic agents.
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